Low-temperature halo-carbon homoepitaxial growth is suitable for selective epitaxial growth of 4H-SiC using SiO 2 mask. A possibility of achieving high values of doping in combination with the selective growth makes it an alternative to ion implantation for selective doping in SiC. In this work, TMA doping in situ during a blanket low-temperature epitaxial growth was utilized to produce heavily Al doped SiC layers for Ohmic contact formation to p-type SiC. Nearly featureless epilayer morphology with Al atomic concentration exceeding 3x10 20 cm -3 was obtained after growth at 1300 0 C with the growth rate of 1.5 µm/hr. Ni TLM contacts with a thin adhesion layer of Ti were formed. The as-deposited metal contacts were almost completely Ohmic even before annealing. The specific contact resistance of 2x10 -2 Ohm-cm 2 and 6x10 -5 Ohms-cm 2 was achieved without and with contact annealing respectively. The resistivity of the epitaxial layers better than 0.01 Ohm-cm was measured for Al atomic concentration of 2.7x10 20 cm -3 .
Introduction
In our previous work, the low-temperature halo-carbon homoepitaxial growth method was shown to be suitable for selective epitaxial growth of 4H-SiC using SiO 2 mask [1] . A possibility of achieving high values of doping by low-temperature growth was also demonstrated [2] . The combination of the high-doping capability and the possibility to grow selectively may make this technique an alternative to ion implantation for selective doping in SiC [3] .
Al doping by epitaxial growth and ion implantation has been extensively investigated in the past. Possibilities to achieve very high values of conductivity even when employing such relatively-deep dopant as Al in SiC have been explored. Flash-lamp annealing was demonstrated as a promising way of achieving a high degree of activation in highly aluminum-implanted 6H-SiC wafers [4] . For high concentrations of Al implants (>5x10 20 cm -3 ), so-called metallic conduction was observed and values of the free hole concentrations exceeded 1x10 20 cm -3 for Al implant concentrations of 1.5x10 20 cm -3 . It has been demonstrated that reduction of the epitaxial growth temperature may be beneficial for facilitating incorporation of certain dopants during epitaxial growth on Si-face [5] . However, the existing epitaxial growth processes did not allow reduction of the growth temperature below 1450-1500 0 C without deterioration of the epilayer morphology.
Different metals have been investigated as candidates for Ohmic contacts on heavily Al-doped p-type SiC. Interest to Ni is dictated primarily by a possibility to form Ohmic contacts simultaneously to n-type and p-type regions of SiC devices. The specific contact resistance as low as 7x10 -6 ohm-cm 2 was reported for Ni contacts to epitaxial p-type SiC [6] .
In this work, halo-carbon epitaxial growth at 1300 0 C was utilized to produce heavily Al doped SiC layers for Ni Ohmic contact formation to p-type SiC. 
Experiment
Si-faces of commercial n+ 4H-SiC wafers vicinally cut 8 0 towards the [11-20] direction were used as substrates for epitaxial growth of 4H-SiC. The growth was conducted in a low-pressure hot-wall CVD reactor at 1300 0 C and 140 Torr with H 2 as the carrier gas, chloromethane (CH 3 Cl) as the carbon precursor and silane (SiH 4 ) as the silicon precursor. TMA doping in situ during the blanket low-temperature epitaxial growth was utilized to produce heavily Al doped SiC layers on n+ substrates.
Surface morphology of the grown layers was monitored by Nomarski optical microscopy. Qualitative changes in resistivity versus the TMA flow were monitored using I-V characteristics measured with two tungsten probe needles on bare SiC surface. SIMS was conducted to measure Al atomic concentration.
Ni TLM contacts (750 Å-thick with a thin 20 Å adhesion layer of Ti) were formed by E-beam deposition and metal lift-off on the as-grown surface of a few selected samples having thicknesses of the epitaxial layers from 0.2 to 0.9 µm. The contacts were later annealed in a flash lamp anneal system at 750°C in a flowing nitrogen ambient.
Results and Discussion
Low-temperature epitaxial growth with in-situ TMA doping resulted in Al doped SiC layers with Al atomic concentration exceeding 2.7x10 20 cm -3 as determined by Secondary Ion Mass Spectroscopy (SIMS) measurements. Good-quality nearly featureless epilayer morphology was seen in these epilayers grown at a rate of ~1.5 µm/hr at 1300 o C.
In order to obtain a qualitative estimation of the resistivity of the grown epilayers, current-voltage characteristics were measured with two tungsten probe needles on bare SiC surface of the epitaxial layers. Figure 1 shows current-voltage characteristics measured on epitaxial layers grown with different TMA flow rates. Clear transition from Schottky behavior at lower TMA flows to nearly-Ohmic behavior for higher TMA flows is observed.
Epilayer morphology as observed under the optical microscope for all TMA flows shown in Fig. 1 remained virtually as good as that in TMA-free growth. However, yet higher TMA flows resulted in noticeable roughening of the epilayer surface. Figure 2 Shows the Optical microscope images obtained from an epilayer with high TMA flow of 0.29sccm without surface morphology degradation and for higher TMA flow of 0.37sccm when the surface roughness takes place.
Ni contacts with a 20 Å-thick adhesion layer of Ti were formed on the Al-doped epilayer surfaces. Transfer Length Method (TLM) measurements were conducted in order to establish the specific contact resistance and sheet resistivity of the epitaxial layers. On a sample with Al atomic concentration of 2.7x10 20 cm -3 as measured by SIMS, the as-deposited metal contacts (without contact annealing) were
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found to be nearly Ohmic (dotted line in Fig. 3 ). The value of the contact resistivity in the not-annealed contacts was about 2x10 -2 Ohm-cm 2 .
Standard rapid thermal annealing (RTP) process was applied to obtain lower values of specific contact resistances. I-V characteristics after contact annealing at 750 0 C is compared in Fig. 3 to I-V measured before the contact annealing using the same spacing of the Ni TLM contacts.
The best value of the specific contact resistivity for this group of samples was found to be in the range of 6x10 -5 ohm-cm 2 . The results from the TLM measurements before and after annealing are summarized in table 1.
The value of the sheet resistance measured in the heavily-doped p-type epitaxial layers before the contact annealing was used to estimate the resistivity of the epitaxial layers. For the given epilayer thickness, the resistivity was better than 0.01 Ohm-cm in the samples with total Al concentration close to 2.7x10 20 cm -3 . For the wide range of the values of the free hole mobility (from 65 to 115 cm 2 /V-s) reported in literature for epitaxial and ion implanted ptype 4H-SiC, the net free hole concentration in our heavily-doped p+ epitaxial layers (influenced by the carrier freeze-out) was evaluated to be in the range from 5.5x10 18 to 1x10 19 cm -3 . It is expected that the mobility in these samples should be on the lower side due to strain and dislocation generation caused by high level of Al doping.
The increase of the sheet resistance after the contact annealing (Table 1 ) is yet to be explained. It could be caused by both degradation of materials properties and TLM measurement error caused, for example, by changes in the active epilayer thickness under the contacts caused by Ni silicide formation. 
Summary
Low temperature epitaxial growth at 1300 0 C was proven suitable for achieving good quality epilayers with very high concentration of aluminum. Specific contact resistance of the order of 2x10 -2 Ohm-cm 2 and 6x10 -5 Ohms-cm 2 without and with contact annealing respectively were achieved using standard Ti/Ni Ohmic contacts. Use of Ni offers a possibility of simultaneous formation of high-performance p-type and n-type contacts.
In the follow-up work, Ohmic contacts will be demonstrated on p+ regions grown by lowtemperature selective epitaxial growth (LTSEG) as an alternative to ion implantation.
